Primary Audience: Egg producers, veterinarians and nutritionists
disease is associated with confined caged birds that undergo an unbalanced nutrient intake. The disease can be found in 2 forms, as fatty liver and kidney syndrome (FLKS) and as fatty liver haemorrhagic syndrome (FLHS). Both forms occur mostly in young chicks (3 to 5 wk) being generally associated with an increase in mortality and fatty infiltration of body tissue, resulting in an enlarged liver, kidney, and heart [2, 3] . In general, the development of FLHS in layers becomes evident by a sudden drop in egg production [4] . Post-mortem evaluations also reveal an increase in triglyceride content in the liver accompanied by liver haemorrhages [5] , being the latter the main cause of a sudden increase in mortality. Fat content in the liver of affected hens can exceed 40% and go up to 70% of dry weight [6] . Affected livers become friable, swollen, and brownish/yellow colored due to the amount of fat infiltrated in the organ [5] . The development of fatty liver into FLKS or FLHS forms represents an economic loss for egg producers. For instance, FLHS can cause up to 5% of mortality in healthy flocks [7] .
Probably due to the difficulty to diagnose FLS in an early stage, the impact of this disease could be highly underestimated. Shini and Bryden [6] suggested that only 40% to 70% of the flocks affected by FLS are detected in Australia. Other studies reported that FLS occurs at the same frequency, in countries like the USA [8] .
The predisposing factors for FLS are relatively broad, ranging from purely nutritional imbalances to excessive endogenous hormones (i.e., oestrogen), environmental factors, genetic characteristics [5] , and toxins presence in the feed [4] . Regarding nutritional imbalances, excessive energy coming from carbohydrates or providing a relative low fat level [9, 10, 11] have been associated with the development of FLS. In an attempt to induce FLS, Jiang et al. [12] showed in a study that high dietary energyto-protein ratio can translate into an excessive fatty acid synthesis in the liver and a compromised or inadequate transport or mobilization of lipoproteins from the liver. In line with this, it is known that FLS affects high-producing layers more than low producers-this condition can also be experimentally induced by the administration of oestrogen [13] -as more oestrogen is produced in their ovaries to meet the demand for vitellogenesis. This demand is met by increased endogenous hepatic lipogenesis, which results in lipids that together with protein are excreted by the liver as lipoproteins [14] , but the excess of hepatic lipogenesis leads to an unfavorable balance.
In the past, several research works evaluated the effect of B vitamins to improve liver functioning and to reduce the rate of lipid deposition. Previous studies [15, 16, 17] reported the benefit of adding choline chloride and/or in combination or synergy with B12 in the diet to reduce liver fat deposition in laying hens, in contrast with many other vitamins and amino acids. Thus, there seems to be potential in the combined use of different forms of vitamin B.
In an attempt to grasp the beneficial effects associated with B vitamins and other compounds together [18, 19] on reducing FLS, a blend of compounds with 2 different administration ways (drinking water vs. feed) was assessed. In addition, a Minolta colorimetric index technique was tested to evaluate its potential as a quick and reliable method to estimate liver fat content and, potentially, help diagnosing FLS in laying hens.
MATERIALS AND METHODS

Experimental Animals, Husbandry, and Feeding Program
All experimental procedures used in the current study were approved by the animal Ethics Committee at the Trouw Nutrition Poultry Research Centre, in compliance with the Spanish guidelines for the use of animals in research [20] .
A total of 288 (63 wk old) laying hens (Hyline; Avigan Terralta S.A., Tarragona, Spain) were used in the study. Before the experimental work, birds underwent an adaptation period to individual cages of 3 wk (from week 63 to 65, both included). Each cage had an open feeder and 2 nipple drinkers, with a total surface of 0.15 m 2 (0.3 m × 0.5 m) and 0.32 m height. Water and feed were offered on ad libitum basis throughout the entire period. The barn consisted of 2 fully environmental controlled departments; each of them allocated 144 individual cages distributed over 2 levels. Birds were allocated at random among treatments in each of the 2 departments. The targeted room temperature 437 was 24
• C and a constant light program of 16 h of light per day was applied. Barn temperature was registered daily from December 2014 until March 2015, resulting in a minimum average temperature of 22.5 ± 1.32
• C and a maximum average temperature of 24.9 ± 1.19
• C.
Experimental Design
A pre-experimental period (2 wk) was applied in birds which were divided in 2 groups to receive either a Standard layer diet or a Challenge diet to induce the FLS. The experiment was conducted as a complete randomized block design in a 2 Diets (Standard; Challenge) × 3 Supplements (no supplement [NONE] ; dietary supplement in the feed [FLS-MIX]; and dietary supplement in the drinking water [FLS-LIQ]) factorial. The experimental period lasted for 6 consecutive weeks (from wk 68 to 73, both included) to assess the effect of dietary treatments on lay performance, eggshell quality and liver health status of birds.
Pre-experimental and Experimental Diets
As shown in Table 1 , the Standard diet was formulated to meet CVB nutrient recommendations [21, 22] , whereas the Challenge diet was designed to induce the development of the FLS. Previous works demonstrated that FLS can be nutritionally induced by (1) offering birds excessive dietary energy [23] , particularly when provided by carbohydrates [10] ; (2) offering a deficient level of dietary choline [4] ; or (3) feeding a relative high energy to protein ratio [12] . The Challenge diet was designed as a combination of these strategies to induce the development of FLS. The Challenge diet had approximately 180 kcal/kg higher AME, 60 g/kg higher starch content, 20 g/kg lower CP and no choline supplementation in the premix. Based on internal research work (unpublished), the Challenge diet was formulated below general recommendations for unsaturated fatty acids, methionine, vitamin E, and Se to help accelerating the appearance of FLS.
At the end of the pre-experimental period birds were maintained on the same type of diet (Standard or Challenge) but receiving the corresponding dietary supplement (None, FLS-MIX, FLS-LIQ), randomly assigned to each cage at the start of the pre-experimental period. 
Performance and Eggshell Quality Measurements
Lay performance for the main variables such as laying egg percentage (LEP), egg weight (EW), and egg mass (EM), as well as the daily feed intake (DFI) and feed conversion ratio (FCR) was determined on each experimental unit. The number of dirty, shell-less and broken eggs per hen were recorded on a daily basis. Eggs were considered "dirty" when any kind of impurity spotting was visible on the shell. Hens were weighed at the beginning and at the end of the pre-experimental and the experimental period to calculate differences in live body weight (BW).
Data Collection
During the entire study period, feed allowance and refusals were recorded daily in each treatment replicate using a Mettler DT150 electronic balance with an in-built weighing programme accurate to ±20 g. The differences between feed allowance and leftovers were used to calculate feed intake (DFI). Individual water intake was not measured, but the collective water intake of the birds receiving standard water or water treated with FLS-LIQ was recorded on a daily basis. A total of 2 separate water tanks with 500 l capacity each were used as water reservoirs to deliver treated (FLS-LIQ) or untreated water.
Feed and Tissue Analyses
Feeds samples were analysed according to AOAC [24] International 18th edition (2005) for dry matter (DM), total ash, total nitrogen using a LECO analyser, ether extract, Starch, and crude fibre.
At the end of the experimental period (73-wkold hens), all the birds were weighed and euthanized by cervical dislocation. Livers were scored by trained personnel for liver colour, brittleness, friability, presence of blood spots, and necrosis. Subsequently, liver colour was measured by spectrophotometry (Minolta Chroma Reflectance, Minolta Camera Co. Limited, Japan). Full liver weight was determined and a sample stored at −18
• C for moisture and fat content determination.
Statistical Analyses
Main effects (type of diet and dietary supplement) and the interaction were analyzed using the MIXED procedures of SAS R 9.3 (SAS Institute Inc., 2012) for parameters with repeated measures (e.g., performance parameters, and eggshell quality). For those variables in which one single measurement was taken the PROC GLM was used. The 2 blocking factors (BW and location in the barn) were included in the model. Differences among means were identified using a Tukey multiple comparison test and significance was established at P < 0.05. Minolta colorimetric values (a + , b + , and L) were regressed against liver fat content using the PROC REG statement in SAS R 9.3 (SAS Institute Inc., 2012).
RESULTS AND DISCUSSION
At 66 wk of age, birds were pre-assigned to treatments resulting in an average initial BW of 2009 g/hen for the Standard diet (1,996; 2,026; and 2,004 g/hen for the NONE, FLS-MIX, and FLS-LIQ, respectively) and 1,994 g/hen for the Challenge diet (1995; 1,996; and 1,992 g/hen for the NONE, FLS-MIX and FLS-LIQ, respectively). After the 14 d pre-experimental period, birds on the Standard diet were on average 2.0% heavier (P < 0.05) than the Challenge diet, being that difference 4.3% at the end of the experiment (P < 0.001).
The Standard diet resulted in 4 points greater (P < 0.01) lay percentage and 3.2 g/d higher (P < 0.001) total EM production than the Challenge diet ( Table 2 ). The latter effect was accompanied by a 4.7% lower (P < 0.001) DFI in birds fed the Challenge diet compared to the Standard diet. In contrast, the type of diet led to comparable average EW, FCR, and variables evaluating eggshell quality.
Dietary supplements did not provide differences on egg production, EM, EW, or FCR relative to NONE. Compared to NONE, the use of FLS-MIX led to a greater (P < 0.05) DFI, with FLS-LIQ presenting a tendency (P < 0.15) to increase DFI. The magnitude of the increase in feed intake associated with FLS-MIX relative to NONE was numerically greater on birds receiving the Challenge diet (+6.1 g/d) than on those fed the Standard diet (+1.1 g/d). The incidence of broken eggs, shell-less eggs, dirty eggs, and the percentage of saleable eggs was not affected (P > 0.15) by dietary treatments (Table 3) .
Liver fat content presented a type of diet × dietary supplement interaction (P < 0.001) whether expressed on fresh matter (FM) or DM terms (Table 4) . Thus, whereas no differences (P > 0.15) in lipid infiltration were observed in birds receiving the Standard diet among the different dietary supplements, a lower (P < 0.05) fat content was found with FLS-MIX and FLS-LIQ relative to NONE on hens fed the Challenge diet. Moisture and liver weight relative to hen BW (liver weight/BW) presented a statistical interaction (P < 0.001) between the type of diet and dietary supplements. No differences were found between dietary supplements for any of these traits on birds subjected to the Standard diet. However, the use of FLS-MIX reduced (P < 0.05) liver weight/BW and increased (P < 0.05) moisture content compared to NONE on birds receiving the Challenge diet thereby resulting in comparable values to birds fed the standard diet. In general FLS-LIQ ranked in an intermediate situation between NONE and FLS-MIX on hens receiving the Challenge diet thereby suggesting a lower efficacy than FLS-MIX.
The Effect of Type of Diet
The development of FLS is closely associated with a positive energy balance and/or a potential 440 JAPR: Research Report Means within a column and main effect no sharing a common superscript differed at P < 0.05. 1 Live body weight of hens (68 wk old) at the start of the experimental period (after a 14 d pre-experimental period subjected to the same type of diet that of during the experimental period). 2 Live body weight of hens at the end of the experimental period (total duration of 6 consecutive wk). 3 DFI = Daily feed intake (g of feed consumed per day and hen). 4 FCR = Feed conversion ratio (DFI/Egg mass). 5 Standard error of the mean: (n = 144 replicates). 6 Standard error of the mean: (n = 48 replicates). 7 Standard error of the mean: (n = 24 replicates). * * * P < 0.001; * * P < 0.01; * P < 0.05; NS not significant (P > 0.05).
hormonal imbalance in which excessive levels of oestrogens are produced. Thus, caged laying hens at the end of the laying period are particularly susceptible of suffering this condition. To some extent, this can be attributed, to the extremely low maintenance energy requirements of caged birds together with the expected high oestrogen levels at the end of the laying period to meet yolk production. Injections of β-estradiol-17-diproprionate have been administered to induce liver steatosis and FLS in laying hens experimentally [25] . Alternatively to hormonal treatments several authors used high energy and low protein diets [4, 12] . The latter procedure was successfully applied in the current trial increasing fat deposition in the liver in birds receiving the Challenge diet and None supplement compared to the Standard diet. The Challenge diet was designed to deliberately provide an unbalanced energy--protein ratio compared to CVB recommendations [21, 22] and contained higher energy levels than the Standard diet, thereby, provoking a depression of voluntary DFI. It is accepted that laying hens respond to changes in dietary energy concentration with feed consumptions that match their energy requirements [26] up to a certain extent [27] . Thus, despite hens on the Challenge diet consumed less feed, the net energy intake was slightly greater than that of the Standard diet (309 vs.314 kcal/d). The 4.3% reduction in BW and the lower egg production (laid eggs and egg mass) associated with the Challenge diet is therefore mainly explained by a lower protein intake and potentially 1 Standard error of the mean: (n = 144 replicates). 2 Standard error of the mean: (n = 48 replicates). 3 Standard error of the mean: (n = 24 replicates). * * * P < 0.001; * * P < 0.01; * P < 0.05; NS not significant (P > 0.05).
to a compromised liver health status. A likely explanation for the lower feed intake and egg production with the Challenge diet could be the combination of the highly energetic feed and the presumed poor functioning of the liver with a greater fat content. The latter hypothesis is also supported by the greater relative liver weights and lower moisture contents found in birds on the Challenge diet compared to the Standard diet. Lower voluntary feed consumptions were reported in hens where the FLS was nutritionally induced [12] . Fatty liver syndrome is often accompanied by hepatomegaly, described as an enlarged liver size and weight relative to BW. Lipid biosynthesis represents a key process during egg formation. Contrary to mammals where the majority of fatty acid synthesis occurs in adipose tissue, in the fowl 90% of the synthesis of fatty acids is carried out in the liver [28, 29, 30] . The liver also plays a key role synthesizing proteins, enzymes, and hormones, some of them involved in bone development and Ca metabolism [12] . Thus, a compromised liver health status in the hen could lead to egg and/or eggshell quality issues. In the current experiment, birds went through the last third of the laying period where EW is maximized (and endogenous oestrogens) and eggshell quality is often compromised [31] . Surprisingly, despite the relative big differences in fat liver content between the Challenge and Standard diet, no relevant differences were identified in eggshell quality traits. Only a numerically lower percentage of saleable eggs was found when the Challenge diet was used (93.8% vs. 92.7%). A potential explanation for the lack of difference in eggshell quality could be a relatively short experimental period (6 wk) not being sufficiently long to deplete Ca from medullary bone thereby leading to Ca deficiencies [32] .
The Effect of Dietary Supplements
Complex B vitamins have proven efficacy improving liver function or, directly, reducing liver fat infiltration. For instance, choline (vita- Diet × Supplement (n = 24) t * * * * * * * * * * * * * * NS * * * a-c Means within a column and main effect no sharing a common superscript differed at P < 0.05. 1 Liver fat content expressed relative to liver weight in fresh matter terms. 2 Liver fat content expressed relative to liver weight in dry matter terms. 3 Minolta spectrophotometer camera. 4 L; lightness (whites: 0-100). 5 a+; "redness". 6 b+; "yellowness". 7 Standard error of the mean: (n = 144 replicates). 8 Standard error of the mean: (n = 48 replicates). 9 Standard error of the mean: (n = 24 replicates). * * * P < 0.001; * * P < 0.01; * P < 0.05; NS not significant (P > 0.05).
min B4) has been used to reduce FLS in laying hens with good results [15] and cobalamin (vitamin B12) is required in the endogenous synthesis of choline [4] . But biotin (vitamin B7) alone or in combination with niacin was unable to change fat infiltration in the liver [33] , although it has been addressed as a key compound for the energy system, especially considering that birds rely on carbohydrates for lipid biosynthesis [4] . Both dietary supplements (FLS-MIX and FLS-LIQ) aimed to prevent or reduce the incidence of fatty livers by obtaining an additive effect combining the different B vitamins. The supplements used in this study clearly reduced lipid deposition in the liver when liver steatosis was induced through an unbalanced diet. Thus, FLS-MIX brought down liver fat content and increased moisture content to equivalent values of hens fed the Standard diet and, hypothetically, not suffering from any kind of FLS. On the other hand, it is worth noting that FLS-LIQ provoked effects in the same direction as FLS-MIX (i.e., reducing fat deposition, reducing hepatomegaly, and increasing moisture), but to a lower extent. Both supplements were designed to cover or exceed the requirements of vitamin B complex via, either the feed or the drinking water. In theory, a water intake 2.5 times the weight of feed consumed by the hen receiving FLS-LIQ would provide similar or greater amounts of choline (vitamin B4), cobalamin (vitamin B12), biotin (vitamin B7), and thiamine (vitamin B1) than those provided via feed with FLS-MIX. Despite individual water intake was not measured, an estimate of the average daily water intake across all experimental units on the FLS-LIQ was recorded. On average, birds on the FLS-LIQ treatment consumed 3.27 times more water than the FLS-MIX group (372 and 361 ml/d of water vs. 113.4 and 110.2 g/d of feed for the Standard or the Challenge diet, respectively). Thus, except for folic acid (vitamin B9) that was not present, FLS-LIQ treatment provided equivalent or higher amounts of the rest of B vitamins. Folic acid is involved in the synthesis of choline and might explain part of the differences in efficacy reducing lipid infiltration [4] , but the greater choline supplementation provided with FLS-LIQ does not support this hypothesis. Another possibility to explain the contrasting efficacy between the 2 supplements could be a poor stability of the B vitamin actives dissolved in the water tank [34] .
Unfortunately, the better liver health status observed with dietary supplements were not reflected in greater egg production or heavier EW. However, an increase on voluntary feed intake was observed with FLS-MIX compared to NONE, and despite no statistical interaction was identified this effect seemed greater with the Challenge feed than with the Standard feed. Therefore, in challenged birds FLS-MIX was able to increase 6.1 g/d feed intake, whereas in birds on the Standard feed that increase was only 1.1 g/d. The increase on feed consumption in challenged birds cannot be explained by differences in energy concentration of the diet between NONE and FLS-MIX, most likely it is associated with a better liver health status and the positive effects of B vitamins on feed consumption when birds undergo a challenging situation. In contrast, FLS-LIQ increased feed intake numerically compared to NONE but did not reach significance. The latter results on feed intake support the greater BW at the end of the experimental period when FLS-MIX was provided compared to NONE. Accordingly, the increase in BW with FLS-MIX was quantitatively greater in challenged birds (+74 g) than on birds on the Standard diet. Despite the changes obtained on BW, feed consumption and liver composition among the dietary supplements, these did not impact egg performance or eggshell quality most probably due to the a relatively short experimental period.
Macroscopic Observations and Minolta Colorimetric Index
Liver macroscopic observations revealed different color and friability values between the Challenge-NONE treatment and the Standard diet treatments (Table 5 ). However, the use of FLS-MIX in hens receiving the Challenge diet led to similar color and friability values to those observed on birds receiving the Standard diet. In addition, FLS-MIX reduced (P < 0.05) the presence of necrotic spots in the liver disregarding the type of diet offered. Performing necropsies might be a useful approach to assess liver health status in commercial farms. Nevertheless, macroscopic observations of the liver are subjective and observer-dependent, whereas liver fat determination is an unbiased method to diagnose FLS. Unfortunately, the elapsed time between shipping the tissue sample and obtaining results from the laboratory could be detrimental to apply potential strategies to alleviate FLS. For this reason, spectrophotometry was used to measure liver color as a mathematical approach to describe colors objectively. Contrasting results were obtained depending on the parameter under evaluation, for instance lightness (L) and "yellowness" (b + ) seemed to behave similarly to the lipid content, whereas "redness" (a + ) was not statistically affected by treatments. Dietary supplements did not provide differences on L and b + values among birds receiving the Standard diet (P > 0.15), but some relevant differences occurred among hens subjected to the Challenge diet. Thus, FLS-MIX and FMS-LIQ registered higher (P < 0.05) L and b + values than NONE on birds receiving the Challenge diet, resulting in similar values to those observed on birds on the Standard diet. These differences seem to respond consistently with changes in the liver fat content associated with these treatments. 
NS
NS a-c Means within a column and main effect no sharing a common superscript differed at P < 0.05. 1 Colour: from 0 (yellow) to 5 (dark red). 2 Brittleness: 0 = mate; 1 = brilliant; 2 = very brilliant. 3 Friability: 0 = normal; 1 = friable; 2 = very friable. 4 Blood spots: 0 = none; 1 = less than 0.5 cm; 2 = more than 0.5 cm; 3 = one-fourth of the surface covered by blood spots; 4 = half of the surface covered by blood spots. 5 Necrosis: 0 = none, 1 = less than half of surface with spots, 2 = total liver surface with spots or large spots > 0.2 cm. * * * P < 0.001; * * P < 0.01; * P < 0.05; NS not significant (P > 0.05).
In an attempt to predict fat liver content, the Minolta colorimetric values (L, a + , and b + ) with and without other parameters (BW, liver weight and liver weight/BW) were regressed to liver fat content ( Table 6 ). The regression analysis led to highly significant equations (P < 0.001) with R 2 values that ranged from 0.623 to 0.638. To predict liver fat content, visual evaluations to detect pale and yellow discoloration are used as an indicator for the presence of fat and severity of the problem [4, 10] . Spectrophotometry has been used for color evaluation of different organic tissues for different (qualitative) purposes, as described and summarized by Ansorena et al. [35] . Results from the current study suggest that using equations with the L, a + , and b + Minolta values could be a simple and straightforward procedure to predict the amount of fat deposed in the liver, thereby, representing a potential tool to rapidly diagnose FLS in laying hens.
CONCLUSIONS AND APPLICATIONS
1) Offering an unbalanced diet to hens successfully induced the FLS in laying hens; this fact was evidenced by greater fat deposition in liver cells as compared to birds fed a standard diet.
2) The use of dietary supplements that provide B vitamins have the potential to mitigate the deleterious effects associated with FLS. Fatty liver induced birds receiving these supplements increased feed consumption diminished BW loss and reduced liver fat content and hepatomegaly, although this was not accompanied by a better lay performance or eggshell quality.
3) The use of spectrophotometry could be considered a reliable and unbiased methodology to estimate liver steatosis to quickly diagnose FLS. 1 Minolta spectrophotometer camera. 2 L; lightness (whites: 0-100). 3 a+; "redness". 4 b+; "yellowness". 5 Liver fat content expressed relative to liver weight in dry matter terms. 6 BW; hen live body weight (g/bird). 7 LW; liver weight (g/bird). 8 LW/BW; liver weight relative to hen weight (g/g). * * * P < 0.001; * * P < 0.01; * P < 0.05; NS not significant (P > 0.05).
